This study evaluated the feasibility of forward osmosis (FO) in diluting and reusing the concentrate produced in a reverse osmosis (RO) plant in James City County, VA. Secondary treated wastewater 
INTRODUCTION
With the increase in water demand, many utilities are turning to non-traditional water, such as brackish water, seawater, and even wastewater, as a possible water source in many countries and areas of the world (National Research Council (US) ). Accordingly, reverse osmosis (RO) is becoming more and more common as a technique to produce drinking water because of its high efficiency in pollutant removal (Herzberg et al. ) . This is the case for James City County in Virginia, USA, where groundwater with a high salt content (brackish water) is the main water source. The raw water is desalinated by a RO system. One of the major issues that the actual process presents is disposal of the concentrate. Due to the environmental impacts of high salinity water, the discharge of desalination concentrated solutions is highly controlled by the regulatory agencies. Strict regulations have been created over the last decade, making it more difficult to build a new facility or retrofit/expand existing ones.
In the RO process, hydraulic pressure is used to oppose and exceed the osmotic pressure of a saline aqueous feed solution. The applied pressure is the driving force for the mass transport through a semi-permeable membrane (Greenlee et al. ; Malaeb & Ayoub ) . The membrane allows the passage of clean water, while the salt and other However, the quality of the STW differs from traditional water sources and has limited usages because of the presence of toxic organic materials (Carrara et al. ) , which pose a proven or potentially high health risk to humans. Previous studies have mainly focused on the rejection performance of FO for a few parts of specific hazardous materials, such as pharmaceuticals, personal care products, and flame-retardants (Hancock et al. ; Kong et al. , ) . The application of STW as an indirect source water in the hybrid FO/RO system and the organic rejection performance of FO have not yet been studied in depth. The objective of this work, therefore, is to investigate (i) the water flux variation law with the dilution of the concentrate and the variation in temperature and pH of the STW, (ii) the organic rejection performance of the FO membrane, and (iii) the feasibility of FO in diluting and reusing the concentrate produced in the RO unit using STW as the source water.
Existing RO desalination process in James City County, VA James City County is a 144-square mile municipality located at the head end of the Virginia Peninsula, between the James and York Rivers in Virginia. The James City Service Authority operates the largest solely dependent groundwater based water system in the Commonwealth of Virginia. The majority of its groundwater supply system is derived from the Potomac and Chickahominy-Piney Point Aquifers. The water treatment facility consists of five wells drawing brackish groundwater from the Middle Potomac and Lower Potomac aquifers. To obtain potable water, RO is used to remove salts and other pollutants (Figure 1) Figure 1 . The concentration of 
EXPERIMENTAL MATERIALS AND METHODS
Feed and draw solution of the FO system
The concentrate, which was used as the draw solution, was obtained from the RO system in James City County, VA. Table 1 . the feed and draw solution is desired. As described in Equation
(1) (Cath et al. ) , the greater the difference in osmotic potential, the faster water moves through the membrane. Meanwhile, the osmotic pressure is high for the raw concentrate and keeps decreasing with the permeation of pure water through the FO membrane. As the difference in osmotic pressure got lower, the water flux decreased with operation time:
where J w is the water flux, A is the water permeability constant of the membrane, σ is the reflection coefficient, and substances (Reynolds ; Liu et al. ) relating to the activity of bacteria was observed. This further proved that the FO membrane used in this study had a high capacity to remove organic matter ( Figure 5(d) ).
Besides the protein-like substances, part of the disinfection byproducts (DBPs) corresponding to the killing of bacteria might also permeate to the draw solution. Maintaining water temperature at approximately 23 W C, the system was run for 8 h at pH 6.5, 7.5, and 8.5, respectively. The concentration of THMs in the STW was 105 μg/L (Figure 6(a) ), which was much higher than that of HAAs (15.5 μg/L).
However, the total amounts of THMs and HAAs permeating through the FO membrane was similar under different pH conditions. The concentrations of both THMs and HAAs that permeated into the draw solution were in the range of 5.2-8.4 μg/L, indicating that the FO membrane was effective in DBP removal.
The removal rates for THMs were above 95%, higher than that of HAAs (50-60%) under the selected pH conditions ( Figure 6(a) ). The low rejection rate of HAAs was probably related to its low initial concentration in the STW used in our study (Xie ) . Considering the concentration of organic matter permeated into the diluted concentrate, part of which was reused as the influent for the RO, was limited based on accumulative values in 8 h, the effects of organic matter in the STW on the quality of the treated drinking water could be ignored.
Before upgrading, the pump pressure needed in the RO unit was approximately 0.6 MPa. Based on the water quality shown in Table 1 , NaCl and NaHCO 3 were assumed to be contributing to the osmotic pressure generated by the brackish water. Calculation results showed that after upgrading the osmotic pressure existing between the two sides of the RO membrane would decrease from 0.18 to 0.13 MPa so as the salt content in the influent decreased from 2.3 to 
